Phosphorylated peptides and proteins play an important role in normal cellular activities, e.g., gene expression, mitosis, differentiation, proliferation, and apoptosis, as well as tumor initiation, progression and metastasis. However, technical hurdles hinder the use of common fractionation methods to capture phosphopeptides from complex biological fluids such as human sera. Herein, we present the development of a dual strategy material that offers enhanced capture of low molecular weight phosphoproteins: mesoporous silica thin films with precisely engineered pore sizes that sterically select for molecular size combined with chemically selective surface modifications (i.e. Ga 3+ , Ti 4+ and Zr 4+ ) that target phosphoroproteins. These materials provide high reproducibility (CV = 18%) and increase the stability of the captured proteins by excluding degrading enzymes, such as trypsin. The chemical and physical properties of the composite mesoporous thin films were characterized by X-ray diffraction, transmission electron microscopy, X-ray photoelectron spectroscopy, energy dispersive X-ray spectroscopy and ellipsometry. Using mass spectroscopy and biostatistics analysis, the enrichment efficiency of different metal ions immobilized on mesoporous silica chips was investigated. The novel technology reported provides a platform capable of efficiently profiling the serum proteome for biomarker discovery, forensic sampling, and routine diagnostic applications.
Introduction
tyrosine kinase in multiple cancer types. 9 Activation of these kinases may also trigger phosphorylation cascades affecting proteins downstream of the primary signal transduction pathway. Many enzymes that regulate protein phosphorylation are the focus of current drug discovery efforts. In fact, most of the recently developed cancer targeted drugs are based on inhibition or degradation of protein kinases, such as the small molecule drugs imatinib (a Bcr-Abl inhibitor) 10, 11 and gefitinib (an EGFR inhibitor), 12, 13 and the biological drugs trastuzumab (a Her-2 antibody) 14 and cetuximab (an EGFR antibody). 15 Additionally, regulation of protein phosphorylation also plays a key role in the treatment of human diseases by conventional chemotherapies; for example, paclitaxel treatment causes cell arrest at G2/M phase, and results in a unique phosphorylation pattern of anaphase-promoting complex proteins. 16 By tracking the spectrum of phosphoproteins and their metabolites, it is highly possible to predict therapeutic outcomes of drug treatment. Early detection of phosphorylation of such key oncoproteins and/or their downstream substrates will dramatically improve treatment of cancer and other human diseases. 17 Human blood contains a multitude of unstudied and unknown biomarkers that could reflect the ongoing pathological state of diseases such as cancers. [18] [19] [20] Tumor vasculatures are extremely heterogeneous and permeable, with large pores ranging from 300 nm to over 700 nm in different tumor models. This allows interstitial proteins to leak into the blood circulation. Dead cells from necrotic and hemorrhagic areas also shed into the blood stream. These proteins and protein fragments, many of them phosphorylated small peptides, form unique cancer signatures. Since serum is dominated by high molecular weight proteins such as albumin and other carrier proteins, it is a challenge to isolate these small peptides from the serum proteome.
Recent advances in phosphoproteomics analysis has shed light on the mechanisms of disease progression and has contributed to the identification of biomarkers. 21, 22 The most common approach has been separation of proteins and peptides by 2-D gel electrophoresis followed by mass spectrometry. 23, 24 However, it is challenging to isolate small proteins and peptides with this approach. Protein phosphorylation is a dynamic process, 25 so although at least onethird of all cellular proteins are estimated to be phosphorylated, their levels of phosphorylation can vary dramatically: from less than 1% to greater than 90%. 26 Fittingly, new technologies designed for the enrichment of phosphopeptides have drawn great attention. 27, 28 Specific surface methods such as immobilized metal ion affinity chromatography (IMAC), [29] [30] [31] [32] [33] [34] [35] metal oxide affinity chromatography (MOAC), 36, 37 ionexchange chromatography [38] [39] [40] and the preparation of IMAC on porous silicon substrates or silica nanoparticles 41, 42 have been explored in the past. However, novel approaches with more selectivity, specificity and higher throughput are needed to identify and detect these low molecular weight (LMW) and/or low abundance phosphoproteins and their metabolites from complex biological fluids such as human serum.
We previously reported the development of mesoporous silica (MPS) chips as the main vehicle for rapid on-chip fractionation. [43] [44] [45] [46] Since the pore sizes in the silica chips are around 4 nm in diameter, only small proteins and peptides can enter the pores, and thus be enriched in the chips and separated from the bulky of plasma proteins when serum samples were applied. Another advantage of the nano-size pores in the silica chips is that the small proteins and peptides become inaccessible to proteinases. They can be used to store precious samples for months. 44 The ability of these chips to enrich previously undetectable LMW peptides opens the door to identification and analysis of these low abundance species by matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF MS) whose spectra would otherwise be clouded by larger, more abundant serum proteins. In this study, we present the post-synthetic functionalization of MPS chips for the purpose of enriching LMW phosphoproteins. To this end, metal ion species -zirconium(IV), gallium(III) and titanium(IV) -similar to those used for metal affinity chromatography, have been immobilized onto the surface of MPS chips. These species are known to possess strong affinity for phosphate groups via coordination covalent bonds 27 and increase the affinity of the MPS films for phosphorylated proteins. Post-functionalization of the MPS platform reduces the detectable concentration threshold, effectively augmenting the sensitivity and enhancing the ability of this phosphoprotein-specific technique to resolve the difference between a modified protein and its unmodified precursor.
Experimental

Fabrication of mesoporous silica chips
A typical preparation of the porous silica coating sol is as follows: 14 ml of tetraethyl orthosilicate (TEOS) (Sigma-Aldrich Co.) is dissolved in a mixture of 15 ml of ethanol, 6.5 ml of distilled water, and 0.5 ml of 6M HCl and stirred for 2 h at 75 °C to form a clear sol. Separately, 1.8 g of Pluronic F127 (Gifted by BASF Co.) was dissolved in 10 ml of ethanol by stirring at room temperature followed by the addition of 0.5 ml of deionized water to form a homogeneous polymer solution. The coating solution was prepared by mixing 7.5 ml of the silicate sol into the F127 solution followed by stirring of this solution for 0.5 h at room temperature. The pH of the mixture should remain around 1.5. The final sol was deposited on a silicon (1 0 0) wafer by spin-coating at a rate of 1500 rpm for 20 s. The thickness of the film was controlled by adjusting the concentration of polymer in the precursor solution, while the porosity mainly depends on the molar ratio of polymer and silicate in the starting material. To increase the degree of polymerization of the silica framework in the films and to further improve thermal stability, the as-deposited films were placed in an oven at 80 °C for 12 h. The films were then thermally calcinated at 425 °C in air to remove the organic surfactant. The furnace was heated at a rate of 1 °C per min and the furnace was maintained at the final temperature for 5 h. Afterwards the oven was cooled to room temperature over 10 h.
Chemical modification on chip surfaces
The mesoporous silica chip was pre-treated by oxygen plasma to establish a saturated hydroxyl-terminated surface. The treatment was performed in a Plasma Asher (March Plasma System) with an O 2 flow rate at 80 sccm and a power of 300 W for 10 min. Surface phosphorylation was carried out via immersion of the chips in 80 ml of fresh 5 mM phosphorous oxychloride (POCl 3 , Sigma-Aldrich Co.) and 10 mM triethylamine (SigmaAldrich Co.) in acetonitrile (Fisher Scientific Co.) for 6 h at room temperature. The chips were spun dry using a spin-coater at a spin speed of 2500 rpm followed by overnight immersion in an aqueous solution of 5 mM zirconium(IV) oxychloride octahydrate/ titanium(IV) chloride (Sigma-Aldrich Co.) at room temperature (see . S1 in the ESI †). Ga 3+ was immobilized on the pore surface by immersing oxygen plasma-treated MPS chips 43 in an aqueous solution of 5 mM gallium isopropoxide overnight at room temperature. The surfaces were rinsed with deionized H 2 O and spun dry at a spin speed of 3000 rpm for 20 s. Finally, the chips were heated at 120 °C for 30 min to remove residual water.
Characterization techniques
Several characterization techniques were used to study the spin-coated mesoporous silica thin films. The thicknesses of the thin films and their porosities were measured by fitting the Cauchy and Effective Medium Approximation (EMA) models with spectra collected using a with WVASE32 software. Ellipsometric optical quantities, the phase (Δ), and amplitude (ψ), were acquired from spectra at incident angles of 65°, 70°, and 75° using wavelengths from 300 to 1800 nm. In the Cauchy model, the top layer's thickness, refractive index, and model fit parameters A n , B n and C n were determined by fitting experimental data with the model and minimizing the mean square error (usually less than 10). The EMA model was used to perform an iterative model fitting that took estimated porosity, film thickness and composition as inputs. These model outputs were subsequently matched against the obtained experimental curves in order to determine the optimal values for each of the fitted parameters. These values are presented in Table 1 . X-Ray diffraction (XRD) patterns were obtained on a Philips X'Pert-MPD system with Cu-Kα ray (45 kV, 40 mA). θ-2θ scanning was recorded from all spin-coated films at 1 s/0.001° step over the angle range from 0.2° to 6°. Transmission electron microscopy (TEM; FEI Technai; FEI Co.) was used to acquire plan-view micrographs of the mesoporous silica thin films at an acceleration voltage of 200 kV. An EDX detector attached to the TEM was employed to analyze the chemical composition of the functionalized porous silica. X-Ray photoelectron spectroscopy (XPS) was performed using an X-ray photoelectron spectrometer (Kratos Axis Ultra) with a monochromated Al-Kα X-ray source (hν = 1486.5 eV.) Hybrid optics (simultaneously employing magnetic and electrostatic lens), a multi-channel plate, and delay line detector coupled to a hemispherical analyzer were used. The photoelectron take off angle was normal to the surface.
Phosphoproteins sample preparation
Phosvitin from egg yolk (Sigma-Aldrich Co) and α-casein from bovine milk (Sigma-Aldrich Co) were prepared per manufacturer's instructions; 10 µg of each protein was trypsinized (Trpsin profile IGD kit, Sigma-Aldrich, Co) overnight at 37 °C. The trypsinized protein solution was then split into two halves. One was processed by on-chip fractionation directly as described below. In the other one, 10 µl of phosphatase (Sigma-Aldrich Co) was added and incubated at 30 °C for 30 min prior to on-chip fractionation. 10 µg of phosvitin was treated with the procedure described above as a control. For serum enrichment, 5 µg of trypsinized phosphoproteins were added into 1 ml of human serum (Sigma-Aldrich Co).
On-chip serum fractionation
For each experiment, a 5 µl sample of serum or proteins was transferred by automatic pipette onto the porous surface of the chip. The samples were incubated for 30 min at 25 °C (room temperature) in a humidity chamber to prevent evaporation. The samples were washed 5 times with 10 µl of sterile, deionized water to remove surface bound material. Peptides and proteins were eluted from the pores using a 1 : 1 (v/v) mixture of acetonitrile and 0.1% trifluoroacetic acid (TFA) (Sigma).
Matrix assistant laser deposition/ionization mass spectrometry (MALDI MS)
A matrix mixture (1 : 1) of 5 mg ml −1 α-cyano-4-hydroxycin-namic acid (CHCA, Sigma) in acetonitrile (Fluka) with 0.1% TFA (Sigma) was used for LMW peptide MALDI analysis. Each eluted sample was mixed with the matrix mixture in a 1 : 1.5 ratio and spotted on the MALDI plate in triplicate. During the interaction with TFA, all of the peptides and small proteins eluted from the nanopores became positively charged, so the positive mode was used to detect the signals of the proteins. Mass spectra were acquired on an AB 4700 Proteomics TOF/TOF analyzer (Applied Biosystems, Framingham, MA) in both linear positive-ion and reflection modes, using a 355 nm Nd-YAG laser. LMW proteins and peptides with m/z of 10 000-30 000 Da and 700-4000 Da were selected for the linear and reflection mode, respectively. For the linear mode, instrument settings were optimized at an acceleration voltage of 20 kV, grid voltage of 18.8 kV, focus mass of 4000 Da, and low mass gate of 700. For reflection mode, instrument settings were optimized at an acceleration voltage of 20 kV, grid voltage of 14 kV, focus mass of 2500 Da, and low mass gate of 700. Data Explorer software version 4.8 (Applied Biosystems) was used to process the raw spectra.
Statistical analysis
Processed data was imported into SpecAlign software for analysis. Peak Alignment by Fast Fourier Transform (PAFFT) correlation was used to align all spectra and their intensities normalized to total ion current (TIC). All spectra were smoothed and de-noised with factor of 4 and 0.5 respectively. Peaks were detected with a baseline of 0.5, mass window of 21 and height ratio 1.5; negative values were removed before analysis. Hierarchical clustering was performed using Cluster software and visualized with MapleTree. MALDI MS Data (m/ z peak intensities) were log-transformed, normalized, and median-centered. Pearson correlation was used to calculate the statistical distance between the samples, and complete linkage clustering was performed. An unsupervised clustering was performed for peaks automatically picked.
Results and discussion
Synthesis and characterization of functionalized MPS chips
Zr 4+ and Ti 4+ are immobilized on the interior and exterior surfaces of the mesoporous film using terminal phosphate groups, 47 by which each metal cation shares oxygen atoms with monohydrogen phosphate groups, as shown in Fig. S1 . ‡ Strong coordination covalent bonds formed between the metal ions and phosphate molecules maintain very stable and consistent interactions across the surface of the chip. The attached Zr 4+ or Ti 4+ ions maintain their ability to react with the phosphate groups of guest molecules. Ga 3+ is immobilized on the pore surface by immersing oxygen plasma treated MPS chips 43 in the aqueous solution of gallium isopropoxide. Table 1 lists the average ellipsometry, EDX, and contact angle results of the original MPS chip and its functionalized counterpart. As shown, the respective thickness and surface hydrophilicity are relatively unchanged despite the application of various surface modifications. However, their porosities decrease due to the conjugation of different metal ions and acid groups. A study previously reported by Kim and Lee has demonstrated that the thickness of zirconium phosphate monolayer films on phosphorylated silicon is approximately 0.7 nm. Assuming the nanopores have a uniform spherical structure, the coating would reduce the original pore size, leading to a subsequent reduction of the porosity from 55.27% to 35.03%. The porosities obtained from the ellipsometry fit analysis indicate a smaller percentage decrease, which can be attributed to the interconnected mesostructure possessed by MPS and to the incomplete penetration of the zirconium phosphate coating into the silica film thickness. While XPS only provides information regarding the relative elemental composition on the sample surface, the EDX results, indicative of elemental composition at a greater penetration depth, show atomic proportions consistent with this hypothesis. Since the peptides and proteins we hope to harvest are larger than the coating precursors, the lack of complete penetration of the phosphate coating should not affect negatively the ability of the films to capture successfully LMW targets.
In order to confirm the successful functionalization of our mesoporous silica chips, we carried out elemental analysis using XPS for Zr 4+ (Fig. 1a and b) , Ti 4+ ( Fig.1c and d) and Ga 3+ (Fig. 1e and f) . As shown in Fig. 1a, 1c and 1e , all of the collected survey spectra show strong peaks corresponding to O 1s (531 eV), Si 2p (99.3 eV), and Si 2s (151 eV); the strong peak at 981.5 eV is an oxygen Auger peak. Quantitative analysis of non-Auger peaks was conducted using high resolution spectra and reveals an oxygen-to-silicon ratio close to 2 : 1, indicative of the silica which constitutes our mesoporous silica thin film platform. Additionally, Fig. 1a, 1c and 1e contain weak C 1s (284.5 eV) peaks, which can be attributed to the presence of surface contaminants, and a weak P 2p (131 eV) peak, which is due to the phosphate group used to link the hydroxy-terminated silica surface with desired metal ion species. Fig. 1b shows the XPS core level spectrum of the immobilized zirconium ion by way of a phosphonate chelating linker, revealing a pair of sharp, symmetric Zr 3d peaks. The presence of these peaks, as well as secondary Zr 3p peaks at 330-340 eV, confirms the presence of zirconium on the surface of our modified MPS chips and validates our conjugation method. Fig. 1d and 1f are high-resolution spectra of the characteristic peaks corresponding to titanium (Ti 2p 1/2 : 464 eV, 2p 3/2 : 457 eV) and gallium (Ga 2p: 1117 eV), respectively. Gallium's presence is also indicated by an Auger peak at 420.5 eV which can be seen in Fig. 1e . Weak F 1s (685.7 eV) and F Auger (833.0 eV) peaks in Fig. 1a and 1e can be attributed to trace contaminants most likely resulting from hydrofluoric acid treatment prior to film coating. These peaks are unlabeled and their presence does not undermine the strength of our conclusions.
As shown in Fig. 2 , calcined MPS chips templated with triblock polymer F127 exhibited a well-resolved XRD pattern with a sharp diffraction peak and two low intensity diffraction peaks corresponding to d-spacings of 8.22, 4.10, and 3.10 nm, respectively. These three diffraction peaks can be further indexed as (100), (200), and (210), planes characteristic of hexagonally arranged mesostructures. Functionalized MPS chips show consistent nanostructures with cell parameters similar to the prefunctionalized chips, indicating that postsynthetic modification using metal ions preserves the hexagonal order of the nanopores. Fig. 3a, 3b and 3c show TEM micrographs of the metal ion immobilized MPS chips. The pores are shown to be uniformly distributed across the imaged area and, in accordance with the obtained XRD data, present themselves in a hexagonal nanoporous structure. Fig. 3d, 3e and 3f show EDX spectra corresponding to each of the imaged TEM samples. EDX peaks for Si (1.740 keV), O (0.523 keV), C (0.282 keV), and Cu (8.041 keV) are seen on each of the displayed spectra, indicating the silica thin film and background of the TEM sample grid. More importantly, the EDX also detects peaks characteristic of each of the functionalizing metals: Ga (Kα: 9.243 keV, Lα1: 1.096 keV), Ti (Kα: 4.508 keV), and Zr (Kα: 15.746 keV, Lα1: 2.042 keV) on Fig. 3d, 3e , respectively. Their atomic percentages have been listed in Table 1 .
Phosphoprotein enrichment by mesoporous silica (MPS) chips
We used 23 kDa α-casein to test the effectiveness of the functionalized MPS chips. The S1 form of this protein was digested with trypsin, a serine protease that specifically cleaves at the carboxylic sites of lysine and arginine residues. The digestion mixture was then spotted on a Zr 4+ immobilized mesoporous silica thin film, and the captured peptides were recovered for MALDI TOF MS analysis. Peptides in the range of 800 to 4000 Da were observed in the spectra (Fig. 4) . As anticipated, no peptides were detected from the undigested sample either in the low mass range (Fig. 4a and 4d) or high mass range (10 000-30 000 Da) due to the efficient exclusion of large proteins, consistent with the sizeexclusive principles of the MPS chip. Several peaks were detected from the digested samples, indicating that peptides were effectively captured by the Zr 4+ immobilized chip (Fig. 4b) . In a parallel experiment, we also treated the trypsinized α-casein peptides with phosphatase to dephosphorylate. As shown in Fig. 4c , the same peaks in Fig. 4b could not be detected after phosphatase treatment, suggesting that the dephosphorylated peptides could not be captured by the same chip. This result suggests that the functionalized MPS chips offer selectivity in the recovery of phosphopeptides. In a separate experiment, trypsin (24 kDa) and phosphatase (69 kDa) were treated with the same protocol and no peaks were detected in the spectrum, indicating that both enzymes were removed during the washing steps. As a control, the trypsinized α-casein was fractionated using the original MPS chip. The results, seen in Fig. 4e , show that peaks with similar m/z as those in Fig. 4b were detected, albeit at lower normalized intensities, indicating enhanced phosphoprotein selectivity from MPS chips with zirconium ion functionalization. Tests with Ti 4+ and Ga 3+ immobilized chips showed similar improvements in their ability to provide enrichment of LMW phosphoproteins ( Figures S2 and S3 in the ESI †).
To test whether phosphopeptides could also be captured efficiently from complex samples such as human serum, we mixed trypsinized phosphoprotein phosvitin with serum, and processed the samples with the Zr 4+ immobilized MPS chips. No significant phosphopeptides were detected from undigested samples of human serum (Fig. 5a) . Peptides from trypsinized phosphoproptein phosvitin were captured and enriched using the Zr 4+ immobilized MPS chip (Fig. 5b) . However, no significant peaks were detected by MALDI TOF after dephosphorylation with phosphatase (Fig. 5c) , consistent with the anticipated selectivity of the coating. This result indicates that the Zr 4+ immobilized MPS chip has specificity in capturing phosphopeptides. The MS profiles demonstrated that the metal immobilized chips were able to specifically harvest the phosphopeptides from complex samples and represent a viable platform for the rapid detection of LMW peptides from serum or other body fluids.
Furthermore, fractionation reproducibility and reliability are mandatory for the development of reliable proteomic and peptidomic screening techniques for clinical applications. To assess the consistency of our post-functionalized MPS chips in enriching LMW phosphoproteins, we screened 7 replicate Zr(IV) immobilized MPS chip with 7 aliquots of the same serum sample mixed with phosphoproteins. An average coefficient of variation (CV) at 18.0% represents an improvement over other techniques. 48 
Hierarchical clustering analysis
A hierarchical clustering analysis of peptides extracted from processed phosphopeptides as well as unprocessed peptides was performed. As shown in Fig. 6A , B and C, their columns b, representing trypsinized α-casein processed by the functionalized MPS chips, exhibited superior enrichment of LMW phosphopeptides compared to either α-casein without treatment or the dephosphorylated peptides. As shown in Fig. 6D , the proteomic patterns fall into four clusters representing the ability of the MPS chips functionalized by Zr 4+ , Ga 3+ , Ti 4+ and control MPS chip to enrich phosphopeptides. Using the Peptide Cutter program (ExPASy Proteomics Server, Swiss Institute of Bioinformatics), predicted alpha casein peptides masses digested by trypsin were labeled as shown in Fig. 6D 
Conclusion
Phosphopeptides are present in the serum proteome at concentrations that require accordingly low detection thresholds for early biomarker identification. We reported the immobilization of various metal ions (Zr 4+ , Ti 4+ and Ga 3+ ) on the mesoporous silica chips. Their physico/chemical properties were fully characterized. The functionalized MPS chips, which offer high surface areas, large pore volumes and uniform pore size distributions, were used to isolate and enrich efficiently the low mass phosphopeptides from complex human serum samples. The use of functionalized MPS chips with engineered binding characteristics thus provides a novel platform for the profiling of posttranslational modifications in the human proteome and the potential diagnosis of early symptoms of cancer and other diseases.
Combining tunable size fractionation with metal ion selectivity for phosphopeptides, we have created a platform for the identification of LMW biomarkers that offers simpler preparation, higher reproducibility and greater stability of LMW phosphoprotein samples than prior approaches. XPS survey scans providing the elemental composition of the functionalized pore surfaces (a, Zr 4+ , c. Ti 4+ and e. Ga 3+ ), and XPS high resolution scans of the core elements providing information about the immobilized metal ions (b, Zr 4+ , d. Ti 4+ and f. Ga 3+ ). Small angle XRD patterns (0.2-6°) for the MPS thin film. MALDI TOF MS spectra of fractionated peptides processed by Zr 4+ immobilized chip from (a) raw α-casein, (b) trypsinized α-casein, (c) trypsinized α-casein treated with phosphatase, (d) raw α-casein treated with phosphatase and (e) trypsinized α-casein on the control MPS chip. MALDI TOF MS spectra of the fractionated samples on the Zr 4+ immobilized chip from (a) raw phosvitin in human serum, (b) trypsinized phosvitin in human serum and (c) trypsinized phosvitin, treated with phosphatase, in human serum. Unsupervised hierarchical clustering analysis for the ability of the MPS chips immobilized with different metal ions for LMW phosphopeptide recovery (Cluster A: Zr 4+ , Cluster B: Ga 3+ , and Cluster C: Ti 4+ ). Red indicates peak intensity higher than the median value, green indicates peak intensity lower than the median value, and black represents peak intensity equal to the median values. Each row represents an individual MALDI MS mass peak and each column represents a type of fractionated sample, with an unprocessed phosphopeptide sample as a negative control. The samples are divided by (a) raw α-Casein, (b) trypsinized α-Casein, (c) trypsinized α-Casein treated with phosphatase, (d) raw α-Casein treated with phosphatase. Cluster D shows phosphopeptide enrichment by the three MPS chips immobilized with Zr 4+ , Ga 3+ , Ti 4+ and the control MPS chip prepared by Pluoronic F127. Table 1 The ellipsometry, EDX quantitative analysis and contact angle results of an MPS chip and its different functionalized derivatives. (Each result is the average number from 15 spot tests.) 
